Dear Editor
Drug-resistant epilepsy (DRE) is defined as failure to achieve seizure freedom despite two appropriately trialed anti-epileptic medications after two years [1] . We present a case of a 9-year-old girl who underwent centromedian (CM) nucleus deep brain stimulation (DBS) implantation for DRE and developed unexpected and reversible post-stimulation aggressive behaviour. With connectomic analyses, we show that stimulation-induced aggressiveness engaged prefrontal cortex-bound white matter fibre tracts. This is the first report of aggressiveness following CM stimulation, which also mapped the salient neural circuitry involving prefrontal thalamocortical projections.
This patient had lifelong seizures, up to 200 daily, secondary to left posterior quadrant polymicrogyria. Her seizures consisted of behavioural arrest, staring, generalized tonic-clonic seizures, and tonic posturing, with falls to the right. Initially, focal seizures were localized to the left hemisphere but subsequently became generalized with a 2.5e3 Hz spike and wave pattern over time. She was not a candidate for resective surgery and had inadequate seizure control with other therapies including multiple antiepileptics, vagal nerve stimulation, and a ketogenic diet. She was reviewed by the interdisciplinary epilepsy team and there was agreement that she might benefit from DBS surgery with bilateral CM targets. Bilateral electrodes (model 3387 by Medtronic, Minneapolis, MN, USA) and an IPG (model 37612 Activa RC by Medtronic) were inserted during a single procedure without complications. During the programming of DBS settings, pulse width and frequency were kept constant (60 ms and 130 Hz, respectively) while voltage was gradually increased during a monopolar review, i.e. each contact was configured as cathode while the case of the internal pulse generator (IPG) was the anode. This procedure was used to establish the therapeutic window at each contact. In keeping with previously published methods, four groups with different pairs of contacts were programmed and parents were instructed to change group every week till the subsequent follow-up visit [2] . Groups using contacts 2 and 10 or contacts 3 and 11 (amplitude of 3.0 V) were found to cause aggressive behaviour.
Her unexpected behaviour prompted further imaging analysis. Supplementary material online details the methods used for electrode localization and volumes of tissue activated (VTA) analysis. Briefly, Lead-DBS (https://www.lead-dbs.org/) was used to localize and non-linearly warp the patient's electrodes to normative space with "low variance" ANTS (ICBM 2009b Nonlinear Asymmetric ("MNI") template) as described by Horn et al. [3] Subsequently, volumes of tissue activated (VTA) corresponding to pertinent stimulation parameters were computed. Two groups of VTAs were created: VTAs causing aggressive symptoms (VTA c ) and VTAs not causing symptoms (VTA n ). To investigate the brain area(s) associated with the symptoms, voxels included in both VTA c and VTA n were taken into consideration: voxels common to all VTA c (VTA c-common ) were first isolated (VTA c ), and then VTA n voxels were removed from these isolated voxels, creating a subtraction map (VTA c-common e VTA n ). The resulting distinct voxels were overlaid on relevant nucleei from the DISTAL (DBS Intrinsic Template AtLas) atlas, based on adult data [4] .
Then, to investigate the structural connectivity of stimulation causing aggressiveness, each individual VTA (n ¼ 6) was used as a seed in a high-quality normative structural connectome [3] . Using this template, a structural connectivity map was obtained for each VTA. To characterize structural networks distinct to the VTAs associated with aggressiveness, we first looked for streamlines touched by all VTA c . Of these streamlines, only those which were not seen engaged by VTA n were retained.
In our analysis, the two most dorsal contacts were associated with aggressiveness when stimulated with 3.0V. The MNI x-y-z coordinates of these dorsal contacts were:
This is mapped with a 3-D reconstruction onto Fig. 1A where shaded pink represents VTA c (3 V VTAs from right contacts 2 and 3 and left contacts 10 and 11) and VTA shaded green represent VTA n . The area associated with aggressive behavior was defined by the presence of voxels common to both VTA c in the absence of voxels from VTA n . This area was located in the left thalamus, overlapping the ventral posterior nucleus, and encroaching on the posterior aspect of the posterior limb of internal capsule (Fig. 1B) . No distinct voxels were found on the right side.
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Brain Stimulation
We present a case of a 9-year-old girl who underwent bilateral CM DBS electrode implantation with unintended and reversible post-operative episodes of aggressiveness concurrent with stimulation of dorsal electrodes at unique settings. The dorsal most contacts tended to cause the symptoms of aggressiveness associated with stimulation of the lateral aspects of VP and neighbouring white matter.
We recognize that this study's reliance on a single patient makes it difficult to further define the area causing the symptoms and thus, pinpoint relevant fibres with greater precision. An assumption is made that the lateral sensory-motor fibres of the corona radiata are not causative of aggressive symptomology. Therefore, we surmise that the pre-frontal projections are responsible for, or at least involved in, episodes of aggressiveness. Engagement of prefrontal thalamocortical circuitry in aggression following DBS is supported by literature implicating the prefrontal cortex in aggressive or violent behaviours. A recent meta-analysis has demonstrated antisocial behaviour associated with the asymmetric activation of the prefrontal cortex, specifically the orbitofrontal, dorsolateral frontal and anterior cingulate cortex [5] .
Aggression has previously been described as an unintended side effect of DBS stimulation of the subthalamic nucleus (STN) in the treatment of Parkinson's disease (PD) [6] . It is ultimately unknown whether STN connections to the nucleus accumbens, lateral hypothalamus and central amygdaloid are responsible for this change in aggressiveness. The current report is the first to describe aggressiveness as a side effect of CM DBS. The CM is the largest of the intralaminar thalamic nuclei and connects the ascending reticular system to cortical regions, the insula and the basal ganglia, for sensorimotor coordination, cognition and pain processing. It has been a target of DBS in the treatment of Tourette's syndrome, PD, DRE and intractable neuropathic pain.
This report describes a unique case of CM-DBS causing reversible post-stimulation aggressiveness, with corresponding connectomic analysis involving stimulation mapping and thus should inform the conduct of CM-DBS to mitigate the side-effect profile of this expanding therapy.
Online supplemental material
The implantation was conducted under general anesthetic. A stereotactic frame was placed and a CT was acquired. The CM nucleus was localized at the posterior commissure at level of anterior and posterior commissure line, 10 mm lateral to midline, and the targets were set to find the corresponding stereotactic coordinates. Bilateral electrodes (model 3387 by Medtronic, Minneapolis, MN, USA) and an IPG (model 37612 Activa RC by Medtronic) were inserted during a single procedure without complications. Intraoperative MRI imaging was obtained to ensure accurate placement prior to extubation.
Briefly, Lead-DBS (https://www.lead-dbs.org/) was used to localize and non-linearly warp the patient's electrodes to normative space with "low variance" ANTS (ICBM 2009b Nonlinear Asymmetric ("MNI") template) as described by Horn et al. [3] ; brain shift correction was also used. Of note, this normalization pipeline included a subcortical refinement stage to ensure high spatial accuracy and has been shown to be highly accurate compared to other normalization methods [8] . Subsequently, volumes of tissue activated (VTA) corresponding to pertinent stimulation parameters were computed with the FieldTrip-SimBio finite element model pipeline incorporated in Lead-DBS. Two groups of VTAs were created: VTA causing the symptoms (VTA c ) and VTA not causing symptoms (VTA n ). To investigate the brain area associated with the symptoms, voxels belonging to both VTA c and VTA n were taken into account: first, voxels common to all VTA c were isolated (VTA ccommon ), and then, voxels belonging to VTA n were removed creating a subtraction map (VTA c-common e VTA n ). The distinct voxels were overlaid on relevant nucleus from the DISTAL (DBS Intrinsic Template AtLas) atlas, based on adult data [4] .
Then, to investigate the structural connectivity of stimulation causing aggressiveness, each VTA (n ¼ 6) was used as a seed in high-quality normative structural connectome. This whole-brain tractography template was constructed with Lead-Connectome (Lead DBS, www.lead-dbs.org/about/lead-connectome/) using state-of-the-art multi-shell diffusion-weighted imaging data derived from 985 healthy subjects from the Human Connectome Project (http://www.humanconnectomeproject.org/) subjects [9] . [4] . Distinct areas associated with aggressive behavior (red) have been defined as voxels common to both VTA c but different than any of the VTA n . (C) White matter tracts associated with aggressive behavior. Mid-sagittal view of the MNI brain, with overlaid white matter tracts, is shown. Only distinct VTA c fiber tracts (i.e. fiber tracts common to both VTA c but different than any VTA n ) are shown and were considered associated with aggressive behavior. 50% of all fiber tracts are shown for optimization of visualization purposes; exact fibers visualized are chosen randomly. Tract colors reflect standard fibre orientation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) Although this dataset includes only adult subjects, it has been used in child and adolescent neuroimaging research in lieu of a pediatric equivalent, which is currently in progress (Lifespan Baby Connectome Project). Using this template, a structural connectivity map was obtained for each VTA. To characterize structural networks distinct to the VTA c , we first looked for streamlines common to all VTA c . Finally, of these streamlines, only those which were not seen with any of the VTA n were kept.
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